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Abstract

Stem cells have the ability to differentiate into specific cell types. The two defining characteristics

of a stem cell are perpetual self-renewal and the ability to differentiate into a specialized adult cell

type. There are two major classes of stem cells: pluripotent that can become any cell in the adult

body, and multipotent that are restricted to becoming a more limited population of cells. Cell

sources, characteristics, differentiation and therapeutic applications are discussed. Stem cells have

great potential in tissue regeneration and repair but much still needs to be learned about their

biology, manipulation and safety before their full therapeutic potential can be achieved.

Introduction

Stem cells have the ability to build every tissue in the human body, hence have great

potential for future therapeutic uses in tissue regeneration and repair. In order for cells to fall

under the definition of “stem cells,” they must display two essential characteristics. First,

stem cells must have the ability of unlimited self-renewal to produce progeny exactly the

same as the originating cell. This trait is also true of cancer cells that divide in an

uncontrolled manner whereas stem cell division is highly regulated. Therefore, it is

important to note the additional requirement for stem cells; they must be able to give rise to

a specialized cell type that becomes part of the healthy animal.1

The general designation, “stem cell” encompasses many distinct cell types. Commonly, the

modifiers, “embryonic,” and “adult” are used to distinguish stem cells by the developmental

stage of the animal from which they come, but these terms are becoming insufficient as new

research has discovered how to turn fully differentiated adult cells back into embryonic stem

cells and, conversely, adult stem cells, more correctly termed “somatic” stem cells meaning

“from the body”, are found in the fetus, placenta, umbilical cord blood and infants.2

Therefore, this review will sort stem cells into two categories based on their biologic

properties - pluripotent stem cells and multipotent stem cells. Their sources, characteristics,

differentiation and therapeutic applications are discussed.

Correspondence to: Dr. Brenda Russell, Department of Physiology and Biophysics (M/C 901), University of Illinois at Chicago, 835
S. Wolcott Ave., Chicago, IL 60612, Russell@uic.edu, Ph: 312-413-0407, Fax: 312-996-5312.

NIH Public Access
Author Manuscript
J Cardiovasc Nurs. Author manuscript; available in PMC 2014 July 21.

Published in final edited form as:
J Cardiovasc Nurs. 2009 ; 24(2): 98–105. doi:10.1097/JCN.0b013e318197a6a5.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Pluripotent stem cells are so named because they have the ability to differentiate into all cell

types in the body. In natural development, pluripotent stem cells are only present for a very

short period of time in the embryo before differentiating into the more specialized

multipotent stem cells that eventually give rise to the specialized tissues of the body (Figure

1). These more limited multipotent stem cells come in several subtypes: some can become

only cells of a particular germ line (endoderm, mesoderm, ectoderm) and others, only cells

of a particular tissue. In other words, pluripotent cells can eventually become any cell of the

body by differentiating into multipotent stem cells that themselves go through a series of

divisions into even more restricted specialized cells.

Stem Cell Fates

Based on the two defining characteristics of stem cells (unlimited self-renewal and ability to

differentiate), they can be described as having four outcomes or fates3 (Figure 2). A

common fate for multipotent stem cells is to remain quiescent without dividing or

differentiating, thus maintaining its place in the stem cell pool. An example of this is stem

cells in the bone marrow that await activating signals from the body. A second fate of stem

cells is symmetric self-renewal in which two daughter stem cells, exactly like the parent cell,

arise from cell division. This does not result in differentiated progeny but does increase the

pool of stem cells from which specialized cells can develop in subsequent divisions. The

third fate, asymmetric self-renewal, occurs when a stem cell divides into two daughter cells,

one a copy of the parent, the other a more specialized cell, named a somatic or progenitor

cell. Asymmetric self-renewal results in the generation of differentiated progeny needed for

natural tissue development/regeneration while also maintaining the stem cell pool for the

future. The fourth fate is that in which a stem cell divides to produce two daughters both

different from the parent cell. This results in greater proliferation of differentiated progeny

with a net loss in the stem cell pool.

The factors that determine the fate of stem cells is the focus of intense research. Knowledge

of the details could be clinically useful. For example, clinicians and scientists might direct a

stem cell population to expand several fold through symmetrical self-renewal before

differentiation into multipotent or more specialized progenitor cells. This would ensure a

large, homogeneous population of cells at a useful differentiation stage that could be

delivered to patients for successful tissue regeneration.

Sources of Stem Cells

Pluripotent

Pluripotent stem cells being used in research today mainly come from embryos, hence the

name, “embryonic stem cells”. Pre-implantation embryos a few days old contain only

10-15% pluripotent cells in the “inner cell mass” (Figure 1). Those pluripotent cells can be

isolated, then cultured on a layer of “feeder” cells which provide unknown cues for many

rounds of proliferation while sustaining their pluripotency.

Recently, two different groups of scientists induced adult cells back into the pluripotent state

by molecular manipulation to yield “induced pluripotent stem cells” (iPS) that share some of
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the same characteristics as embryonic stem cells such as proliferation, morphology and gene

expression (in the form of distinct surface markers and proteins being expressed).4-8 Both

groups used retroviruses to carry genes for transcription factors into the adult cells. These

genes are transcribed and translated into proteins that regulate the expression of other genes

designed to reprogram the adult nucleus back into its embryonic state. Both introduced the

embryonic transcription factors known as Sox2 and Oct4. One group also added Klf4 and c-

Myc4, and the other group added Lin28 and Nanog.6 Other combinations of factors would

probably also work, but, unfortunately, neither the retroviral carrier method nor the use of

the oncogenic transcription factor c-Myc are likely to be approved for human therapy.

Consequently, a purely chemical approach to deliver genes into the cells, and safer

transcription factors are being tried. Results of these experiments look promising.9

Multipotent

Multipotent stem cells may be a viable option for clinical use. These cells have the plasticity

to become all the progenitor cells for a particular germ layer or can be restricted to become

only one or two specialized cell types of a particular tissue. The multipotent stem cells with

the highest differentiating potential are found in the developing embryo during gastrulation

(day 14-15 in humans, day 6.5-7 in mice). These cells give rise to all cells of their particular

germ layer, thus, they still have flexibility in their differentiation capacity. They are not

pluripotent stem cells because they have lost the ability to become cells of all three germ

layers (Figure 1). On the low end of the plasticity spectrum are the unipotent cells that can

become only one specialized cell type such as skin stem cells or muscle stem cells. These

stem cells are typically found within their organ and although their differentiation capacity is

restricted, these limited progenitor cells play a vital role in maintaining tissue integrity by

replenishing aging or injured cells. There are many other sub-types of multipotent stem cells

occupying a range of differentiation capacities. For example, multipotent cells derived from

the mesoderm of the gastrula undergo a differentiation step limiting them to muscle and

connective tissue; however, further differentiation results in increased specialization towards

only connective tissue and so on until the cells can give rise to only cartilage or only bone.

Multipotent stem cells found in bone marrow are best known, because these have been used

therapeutically since the 1960’s10 (their potential will be discussed in greater detail in a later

section). Recent research has found new sources for multipotent stem cells of greater

plasticity such as the placenta and umbilical cord blood.11 Further, the heart, until recently

considered void of stem cells, is now known to contain stem cells with the potential to

become cardiac myocytes.12 Similarly, neuro-progenitor cells have been found within the

brain.13

The cardiac stem cells are present in such small numbers, that they are difficult to study and

their function has not been fully determined. The second review in this series will discuss

their potential in greater detail.
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Characteristics that Identify Stem Cells

Pluripotent

Since Federal funding for human embryonic stem cells is restricted in the United States,

many scientists use the mouse model instead. Besides their ability to self-renew indefinitely

and differentiate into cell types of all three germ layers, murine and human pluripotent stem

cells have much in common. It should not be surprising that so many pluripotency traits are

conserved between species given the shared genomic sequences and intra-cellular structure

in mammals. Both mouse and human cells proliferate indefinitely in culture, have a high

nucleus to cytoplasm ratio, need the support of growth factors derived from other live cells,

and display similar surface antigens, transcription factors and enzymatic activity (i.e. high

alkaline phosphatase activity).14 However, differences between mouse and human

pluripotent cells, while subtle, are very important. Although the transcription factors

mentioned above to induce pluripotency from adult cells (Oct3/4 and Sox2) are shared, the

extracellular signals needed to regulate them differ. Mouse embryonic stem cells need the

leukemia inhibitory factor and bone morphogenic proteins while human require the

signaling proteins Noggin and Wnt for sustained pluripotency.15 Surface markers used to

identify pluripotent cells also differ slightly between the two species as seen in the variants

of the adhesion molecule SSEA (SSEA-1 in mouse, SSEA-3 & 4 in humans).16 Thus, while

pluripotency research in mouse cells is valuable, a direct correlation to the human therapy is

not likely.

Last, but certainly not least, a big difference between mouse and human stem cells are the

moral and ethical dilemmas that accompany the research. Some people consider working

with human embryonic stem cells to be ethically problematic while very few people have

reservations on working with the mouse models. However, given the biological differences

between human and mouse cells, most scientists believe that data relevant for human

therapy will be missed by working only on rodents.

Multipotent

Cell surface markers are typically also used to identify multipotent stem cells. For example,

mesenchymal stem cells can be purified from the whole bone marrow aspirate by

eliminating cells that express markers of committed cell types, a step referred to as lineage

negative enrichment, and then further separating the cells that express the sca-1 and c-Kit

surface markers signifying mesenchymal stem cells. Both the lineage negative enrichment

step and the sca-1/c-Kit isolation can be achieved by using flow cytometry and is discussed

in further detail in the following review. The c-Kit surface marker also is used to distinguish

the recently discovered cardiac stem cells from the rest of the myocardium. A great deal of

recent work in cardiovascular research has centered on trying to find which markers indicate

early multipotent cells that will give rise to pre-cardiac myocytes. Cells with the specific

mesodermal marker, Kdr, give rise to the progenitor cells of the cardiovascular system

including contracting cardiac myocytes, endothelial cells and vascular smooth muscle cells

and are therefore considered to be the earliest cells with specification towards the

cardiovascular lineage.17 Cells at this early stage still proliferate readily and yet are destined

to become cells of the cardiovascular system and so may be of great value therapeutically.
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Differentiation

Pluripotent

Scientists are still struggling to reliably direct differentiation of stem cells into specific cell

types. They have used a virtual alphabet soup of incubation factors toward that end

(including trying a variety of growth factors, chemicals and complex substrates on which the

cells are grown), with, so far, only moderate success. As an example of this complexity, one

such approach to achieve differentiation towards cardiac myocytes is to use the chemical

activin A and the growth factor BMP-4. When these two factors are administered to

pluripotent stem cells in a strictly controlled manner, both in concentration and temporally,

increased efficiency is seen in differentiation towards cardiac myocytes, but still, only 30%

of cells can be expected to become cardiac.18

Multipotent

Multipotent cells have also been used as the starting point for cell therapy, again with

cocktails of growth factors and/or chemicals to induce differentiation toward a specific,

desired lineage. Some recipes are simple, such as the use of retinoic acid to induce

mesenchymal stem cells into neuronal cells,19 or transforming growth factor-β to make bone

marrow-derived stem cells express cardiac myocyte markers.20 Others are complicated or

ill-defined such as addition of the unknown factors secreted by cells in culture. Physical as

well as chemical cues cause differentiation of stem cells. Simply altering the stiffness of the

substrate on which cells are cultured can direct stem cells to neuronal, myogenic or

osteogenic lineages.21 Cells evolve in physical and chemical environments so a combination

of both will probably be necessary for optimal differentiation of stem cells. The importance

of physical cues in the cell’s environment will be discussed in greater detail in the final

review of this series. Ideally, for stem cells to be used therapeutically, efficient, uniform

protocols must be established so that cells are a well-controlled and well-defined entity.

Stem Cell Therapy

Pluripotent stem cells

Pluripotent stem cells have not yet been used therapeutically in humans because many of the

early animal studies resulted in the undesirable formation of unusual solid tumors, called

teratomas. Teratomas are made of a mix of cell types from all the early germ layers. Later

successful animal studies used pluripotent cells modified to a more mature phenotype which

limits this proliferative capacity. Cells derived from pluripotent cells have been used to

successfully treat animals. For example, animals with diabetes have been treated by the

creation of insulin-producing cells responsive to glucose levels. Also, animals with acute

spinal cord injury or visual impairment have been treated by creation of new myelinated

neurons or retinal epithelial cells, respectively. Commercial companies are currently in

negotiations with the FDA regarding the possibility of advancing to human trials. Other

animal studies have been conducted to treat several maladies such as Parkinson’s disease,

muscular dystrophy and heart failure.18,22,23
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Scientists hope that stem cell therapy can improve cardiac function by integration of newly

formed beating cardiac myocytes into the myocardium to produce greater force. Patches of

cardiac myocytes derived from human embryonic stem cells can form viable human

myocardium after transplantation into animals,24 with some showing evidence of electrical

integration.25,26 Damaged rodent hearts showed slightly improved cardiac function after

injection of cardiac myocytes derived from human embryonic stem cells.21 The mechanisms

for the gain in function are not fully understood but it may be only partially due to direct

integration of new beating heart cells. It is more likely due to paracrine effects that benefit

other existing heart cells (see next review).

Multipotent stem cells

Multipotent stem cells harvested from bone marrow have been used since the 1960’s to treat

leukemia, myeloma and lymphoma. Since cells there give rise to lymphocytes,

megakaryocytes and erythrocytes, the value of these cells is easily understood in treating

blood cancers. Recently, some progress has been reported in the use of cells derived from

bone marrow to treat other diseases. For example, the ability to form whole joints in mouse

models27 has been achieved starting with mesenchymal stem cells that give rise to bone and

cartilage. In the near future multipotent stem cells are likely to benefit many other diseases

and clinical conditions. Bone marrow-derived stem cells are in clinical trials to remedy heart

ailments. This is discussed in detail in the next review of this series.

Pluripotent vs. Multipotent

Pluripotent and multipotent stem cells have their respective advantages and disadvantages.

The capacity of pluripotent cells to become any cell type is an obvious therapeutic

advantage over their multipotent kin. Theoretically, they could be used to treat diseased or

aging tissues in which multipotent stem cells are insufficient. Also, pluripotent stem cells

proliferate more rapidly so can yield higher numbers of useful cells. However, use of donor

pluripotent stem cells would require immune suppressive drugs for the duration of the

graft28 while use of autologous multipotent stem cells (stem cells from ones’ self) would

not. This ability to use one’s own cells is a great advantage of multipotent stem cells. The

immune system recognizes specific surface proteins on cells/objects that tell them whether

the cell is from the host and is healthy. Autologous, multipotent stem cells have the patient’s

specific surface proteins that allow it to be accepted by the host’s immune system and avoid

an immunological reaction. Pluripotent stem cells, on the other hand, are not from the host

and therefore, lack the proper signals required to stave off rejection from the immune

system. Research is ongoing trying to limit the immune response caused by pluripotent cells

and is one possible advantage that iPS cells may have.

Conclusion

The promises of cures for human ailments by stem cells have been much touted but many

obstacles must still be overcome. First, more human pluripotent and multipotent cell

research is needed since stem cell biology differs in mice and men. Second, the common

feature of unlimited cell division shared by cancer cells and pluripotent stem cells must be

better understood in order to avoid cancer formation. Third, the ability to acquire large
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numbers of the right cells at the right stage of differentiation must be mastered. Fourth,

specific protocols must be developed to enhance production, survival and integration of

transplanted cells. Finally, clinical trials must be completed to assure safety and efficacy of

the stem cell therapy. When it comes to stem cells, knowing they exist is a long way from

using them therapeutically.
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Figure 1. Derivation of Stem Cells
During natural embryo development, cells undergo proliferation and specialization from the

fertilized egg, to the blastocyst, to the gastrula during natural embryo development (left side

of panel). Pluripotent, embryonic stem cells are derived from the inner cell mass of the

blastoctyst (lightly shaded). Multipotent stem cells (diamond pattern, diagonal lines, and

darker shade) are found in the developing gastrula or derived from pluripotent stem cells and

are restricted to give rise to only cells of their respective germ layer.
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Figure 2. Stem Cell Fates
Four potential outcomes of stem cells. A) Quiescence in which a stem cell does not divide

but maintains the stem cell pool. B) Symmetric self-renewal where a stem cell divides into

two daughter stem cells increasing the stem cell pool. C) Asymmetric self-renewal in which

a stem cell divides into one differentiated daughter cell and one stem cell, maintaining the

stem cell pool. D) Symmetric division without self-renewal where there is a loss in the stem

cell pool but results in two differentiated daughter cells. (SC- Stem cell, DP-Differentiated

progeny)

Biehl and Russell Page 10

J Cardiovasc Nurs. Author manuscript; available in PMC 2014 July 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


